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The cosmological dark sector as a scalar σ-meson field
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Previous quantum field estimations of the QCD vacuum in the expanding space-time lead to a
dark energy component scaling linearly with the Hubble parameter, which gives the correct figure
for the observed cosmological term. Here we show that this behaviour also appears at the classical
level, as a result of the chiral symmetry breaking in a low energy, effective σ-model. The dark sector
is described in a unified way by the σ condensate and its fluctuations, giving rise to a decaying dark
energy and a homogeneous creation of non-relativistic dark particles. The creation rate and the
future asymptotic de Sitter horizon are both determined by the σ mass scale.
The cosmological constant problem is often stated as a
large, non-observed contribution of the vacuum of quan-
tum fields to the dark energy component of the cos-
mic fluid. Although very popular, this statement turns
the problem ill defined, because the quantum field cal-
culations are usually performed in the flat space-time,
where nothing would really gravitate. A more mean-
ingful procedure is to obtain the vacuum contribution
in the curved, FLRW space-time, with a reliable renor-
malisation that absorbs the divergent flat result in the
constants of the theory [1]. This can be made, for ex-
ample, in the case of conformal fields, which naturally
leads to a vacuum density of the order of H4 (H is the
Hubble function), since no other scale is available. In the
present universe, this figure has the opposite problem of
being too small as compared to the observed cosmolog-
ical term. More generally, other even powers of H can
result from these calculations, owing to a theorem on the
allowed counter terms in the effective action [2]. For in-
stance, a free field of mass m may lead to a contribution
of order m2H2, which has the observed figure if m has
the order of the Planck mass. However, with a dark en-
ergy scaling with H2, the cosmic expansion would not
experience the observed transition from decelerating to
accelerating phases. The remaining possibility is a con-
stant Λ, which value, however, is not fixed by the theory.
The theorem mentioned above has, as always, its
premises. Among them we can find the conditions
that the fields are free, and that the vacuum energy-
momentum tensor is conserved. The first does not ap-
ply, for example, if we estimate the vacuum contribution
of the low energy, strongly coupled fields of QCD. In-
deed, some studies have suggested that these fields lead
to a vacuum term scaling as m3piH , where mpi is the en-
ergy scale of the chiral phase transition [3]. Surprisingly
enough, this gives the observed order of magnitude for Λ.
The second premise, as well, cannot be always satisfied.
A decaying Λ is only possible either if its equation of state
parameter ω 6= −1, or if it interacts with dark matter.
As shown elsewhere [4–6], ω = −1 is a necessary condi-
tion for Λ to be strictly homogeneous, which permits an
unambiguous definition of clustering dark matter. There-
fore, a vacuum term decaying with H is necessarily con-
comitant with a homogeneous creation of dark particles.
The freedom in defining Λ such that ω = −1 is a mani-
festation of the so called dark degeneracy [4, 7]. As we
will see, this freedom allows a unified description of the
dark sector in terms of a non-adiabatic scalar field, which
plays the role of both dark energy and dark matter. In
particular, we will show that the σ scalar, that emerges
from effective models of low energy QCD, produces in-
deed a dark energy scaling linearly with H .
In its simplest version, the σ potential is given by [8]
V = −µ
2
2
σ2 +
λ
8
σ4 + V˜ , (1)
where µ, λ and V˜ are positive constants. It presents a
false vacuum at σ = 0 and a true vacuum at σ = f , with
f given by λf2 = 2µ2. There is a priori no clear pre-
scription for the choice of vacuum in cosmological back-
grounds. Nevertheless, as our universe is approaching a
de Sitter space-time with very small curvature, we as-
sume that the flat space-time vacuum structure is not
altered, except for the minimum of the potential at the
true vacuum state, as we will show below. When the chi-
ral symmetry is spontaneously broken, expanding the po-
tential (1) around the vacuum expectation value f leads,
up to second order, to
V (φ) = VdS +
M2φ2
2
, (2)
where φ = σ − f are scalar fluctuations of the chiral
condensate, with mass M =
√
2µ, and
VdS = V˜ − µ
2f2
4
. (3)
We will see that, in an FLRW background, VdS is also
determined by µ. The energy density and pressure of the
scalar field are
ρφ =
φ˙2
2
+ V, (4)
pφ =
φ˙2
2
− V, (5)
where a dot means derivative w.r.t. the cosmological
time. We can always decompose this perfect fluid into
pressureless matter and a Λ component [4, 7], such that
ρm = φ˙
2, (6)
Λ = − pΛ = V − φ˙
2
2
. (7)
2In the general case, these two components interact and,
in this way, the content above can be seen as a particular
case of a non-adiabatic dark sector [9–11]. This decom-
position assures that the Λ component does not clus-
ter, provided the matter component follows geodesics,
i.e. provided there is no momentum transfer between the
components [4–6]. We are going to show that this is in-
deed the case. Furthermore, as δΛ = 0, the scalar-field
effective sound speed δpφ/δρφ is zero, which prevents, at
the perturbation level, oscillations and instabilities in the
matter power spectrum [4].
The energy-momentum balance between the two com-
ponents can be written as
T µνm;ν = Q
µ, (8)
T µνΛ;ν = −Qµ, (9)
where
Qµ = Quµ + Q¯µ (Q¯µuµ = 0) (10)
is the energy-momentum transfer, and uµ is the fluid 4-
velocity. The transverse component Q¯µ represents the
momentum transfer. Writing for the Λ term
T µνΛ = Λg
µν , (11)
we have, from (9),
Q = −Λ,νuν , (12)
Q¯µ = Λ,ν(u
µuν − gµν). (13)
Perturbing these equations we obtain δQ¯0 = 0 and, in a
co-moving gauge,
δQ = −(δΛ),0 , (14)
δQ¯i = (δΛ),i. (15)
Therefore, if we show that δQ¯µ is zero, we show that Λ
is strictly homogeneous (and, in addition, that δQ = 0).
Components (6) and (7) can be written, respectively, in
the covariant form
T µνm = ∂
µφ∂νφ, (16)
T µνΛ =
(
V − 1
2
∂αφ∂
αφ
)
gµν . (17)
From (17) and (9) we can write
Qµ = ∂αφ∂
α∂µφ− V ′ ∂µφ, (18)
with V ′ = M2φ from (2). In Fourier’s space it takes the
form
Qµ = ikµ(M
2 − k2)φ2, (19)
where kµ is the scalar-field wavevector. By doing ikµ =
kuµ we obtain
Qµ = k(M
2 − k2)φ2uµ, (20)
which shows that Q¯µ = 0 in any space-time [19].
The Friedmann equations for the spatially flat FLRW
space-time are given by
3H2 = V + 2H ′2, (21)
φ˙ = −2H ′, (22)
where a prime means derivative w.r.t. the scalar field.
On the other hand, the Klein-Gordon equation,
φ¨+ 3Hφ˙+ V ′ = 0, (23)
can be put in the form
ρ˙m + 3Hρm = −Λ˙ ≡ Γρm. (24)
The last equality defines the rate of matter creation Γ.
Using (6), (7), (22) and (23) into (24), we obtain
V ′ = (3H + Γ)H ′. (25)
With the potential given by (2), equations (21) and (25)
determine the solutions for H(φ) and Γ(φ). The second
order solution for H can be written as
H = HdS (1 +Aφ
2). (26)
Using (2) and (26) into (25) we obtain, at the same order
of approximation,
Γ =
M2
2AHdS
− 3HdS, (27)
which means that matter is created at a constant rate.
On the other hand, from (6), (22) and (24) we have
Λ′ = 2ΓH ′, (28)
which, after integration, leads to
Λ = 2ΓH + Λ˜, (29)
where Λ˜ is an arbitrary integration constant. There is no
energy scale fixing Λ˜, let us hence take it zero, that is,
Λ = 2ΓH. (30)
In the de Sitter limit φ→ 0 we have, from (2), (21), (26)
and (30),
VdS = 3H
2
dS =
4Γ2
3
. (31)
Substituting (26) into (21), retaining only terms up to
second order in φ and using (31) we obtain
32Γ2
9
A2 − 8Γ
2
3
A+
M2
2
= 0. (32)
On the other hand, using (31) into (27) we get
M2 = 4Γ2A. (33)
3From (32) and (33) we then have A = 3/16, which, sub-
stituted back into (33), gives
Γ2 =
4M2
3
. (34)
We see that
√
2µ = M completely determines not only
the mass of φ, but, through (31) and (34), also the mat-
ter creation rate Γ, the de Sitter horizon HdS and the
potential (2). The cosmological solution with constant-
rate creation of matter is equivalent to a non-adiabatic
generalised Chaplygin gas with α = −1/2 [10] and was
tested against observations at background and perturba-
tion levels, showing a good approximation to the present
universe [12]. For Γ = 0 we have a Minkowski space-time
with f = 0 and V = 0, which is however unstable and
eventually collapses to a singularity [13]. For Γ 6= 0 we
have an expanding space-time, which tends asymptoti-
cally to a stable de Sitter universe.
As a matter of fact, the result (30) can be achieved
with any free scalar field of mass M , since all we need is
a potential like (2) and a space-time close enough to de
Sitter [4]. Nevertheless, we may show that the QCD chi-
ral phase transition leads naturally to the correct energy
scale we need to describe the observed universe. From
(30) we see that Γ has the dimension of the cube of a
characteristic energy mpi. By taking (30) at the present
time, we can write
m3pi ∼ H0ΩΛ0, (35)
where ΩΛ0 ∼ 1 is the dark energy density relative to the
critical density. By taking also H0 ∼ 10−18s−1, we have
mpi ∼ 100MeV, (36)
which is the energy scale of the QCD phase transition.
This can be heuristically understood if we estimate the
energy of vacuum fluctuations in a de Sitter background
as δE ∼ H . In the case of a free massless field, the
vacuum density is then given by δE H3 ∼ H4, a result
that, in the high energy limit, is useful for obtaining non-
singular cosmological solutions [14]. However, in the case
of a low energy, strongly interacting field, fluctuations are
confined to a volume m−3pi , where mpi is the energy scale
of confinement. Hence, the vacuum density should be
given, instead, by m3piH . Leading m
3
pi ∼ Γ into (34), we
obtain the mass [20]
M ∼ 10−33 eV. (37)
On the other hand, if we assume that the above pro-
portionality between the mass of the chiral condensate
fluctuations and the condensate density is also valid at
nuclear scales, we can write
M
ρc
∼ mσ
ρNuc
∼ m−3pi , (38)
where ρc is the cosmological critical density, mσ ∼ 1 GeV
is the observed σ mass, and ρNuc is a typical nuclear den-
sity. With ρc ∼ 10−26 kg/m3 and ρNuc ∼ 1016 kg/m3,
we obtain forM the same figure as in (37). It is also wor-
thy of note that M is the quantum of energy expected in
the de Sitter space-time. Indeed, the number of degrees
of freedom inside the de Sitter horizon is given by the
holographic bound N ∼ H−2dS [16, 17]. The correspond-
ing energy is E ∼ ρH−3dS ∼ H−1dS . Therefore, the energy
per degree of freedom is E/N ∼ HdS ∼ M , by (31) and
(34). It is also suggestive (see (31)) that the rate of dark
particles creation Γ has the order of the de Sitter horizon
temperature HdS [18].
Acknowledgements
I am thankful to M. R. Robilotta, C. Chirenti, H. A.
Borges, T. S. Pereira and W. Zimdahl for helpful dis-
cussions, to G. A. Mena Maruga´n, J. S. Alcaniz and J.
C. Fabris for critical readings, and to CNPq for financial
support.
[1] S. A. Fulling and L. Parker, Phys. Rev.D10, 3905 (1974);
L. H. Ford, Phys. Rev. D11, 3370 (1975); J. S. Dowkler
and R. Critchley, Phys. Rev. D13, 3224 (1976); P. C.
Davies, Phys. Lett. B68, 402 (1977); A. A. Starobinsky,
Phys. Lett. B91, 99 (1980).
[2] R. M. Wald, Quantum Field Theory in Curved Space-
time and Black Hole Thermodynamics (The University
of Chicago Press, 1994), Section 4.6.
[3] R. Schutzhold, Phys. Rev. Lett. 89, 081302 (2002); F. R.
Klinkhamer and G. E. Volovik, Phys. Rev. D79, 063527
(2009); F. R. Urban and A. R. Zhitnitsky, Phys. Lett.
B688 (2010) 9; Nucl. Phys. B835, 135 (2010); N. Ohta,
Phys. Lett. B695, 41 (2011); B. Holdom, Phys. Lett.
B697, 351 (2011); R. G. Cai et al., Phys. Rev. D84,
123501 (2011).
[4] S. Carneiro and H. A. Borges, JCAP 1406, 010 (2014).
[5] K. Koyama, R. Maartens and Y. S. Song, JCAP 0910,
017 (2009); D. Wands, J. De-Santiago and Y. Wang,
Class. Quant. Grav. 29, 145017 (2012).
[6] W. Zimdahl, H. A. Borges, S. Carneiro, J. C. Fabris and
W. S. Hipolito-Ricaldi, JCAP 1104, 028 (2011).
[7] M. Kunz, Phys. Rev. bf D80, 123001 (2009); I. Wasser-
man, Phys. Rev. D66, 123511 (2002); C. Rubano and P.
Scudellaro, Gen. Rel. Grav. 34, 1931 (2002).
[8] G. ’t Hooft, Phys. Rep. 142, 357 (1986).
[9] W. Zimdahl, D. J. Schwarz, A. B. Balakin and D. Pavo´n,
Phys. Rev. D64, 063501 (2001); R. R. R. Reis, I. Waga,
M. O. Calva˜o and S. E. Jora´s, Phys. Rev. D68, 061302
(2003); S. del Campo, R. Herrera and D. Pavo´n, JCAP
0901, 020 (2009); I. L. Shapiro and J. Sola`, Phys. Lett.
4B682, 105 (2009); L. P. Chimento, Phys. Rev. D81,
043525 (2010); M. L. Tong and H. Noh, Eur. Phys. J.
C71, 1586 (2011); F. Arevalo, A. P. R. Bacalhau and W.
Zimdahl, Class. Quant. Grav. 29, 235001 (2012); N. Ko-
matsu and S. Kimura, Phys. Rev. D89, 123501 (2014);
V. Salvatelli et al., Phys. Rev. Lett. 113, 181301 (2014);
D. G. A. Duniya, D. Bertacca and R. Maartens, Phys.
Rev. D91, 063530 (2015); R. S. Gonc¸alves, G. C. Car-
valho and J. S. Alcaniz, Phys. Rev. D92, 123504 (2015);
R. Murgia, S. Gariazzo and N. Fornengo, JCAP 1604,
014 (2016).
[10] H. A. Borges, S. Carneiro, J. C. Fabris and W. Zimdahl,
Phys. Lett. B727, 37 (2013); S. Carneiro and C. Pigozzo,
JCAP 1410, 060 (2014); C. Pigozzo, S. Carneiro, J. S.
Alcaniz, H. A. Borges and J.C. Fabris, JCAP 1605, 022
(2016).
[11] I. Dymnikova and M. Khlopov, Eur. Phys. J. C20, 139
(2001); R. J. Scherrer, Phys. Rev. Lett. 93, 011301
(2004); A. J. Christopherson and K. A. Malik, Phys. Lett.
B675, 159 (2009).
[12] J. S. Alcaniz, H. A. Borges, S. Carneiro, J. C. Fabris, C.
Pigozzo and W. Zimdahl, Phys. Lett. B716, 165 (2012);
N. C. Devi, H. A. Borges, S. Carneiro and J. S. Alcaniz,
MNRAS 448, 37 (2015); H. Velten, H. A. Borges, S.
Carneiro, R. Fazolo and S. Gomes, MNRAS 452, 2220
(2015).
[13] S. Carneiro and H. A. Borges, arXiv:1704.07825 [gr-qc],
to appear in Gen. Rel. Grav.
[14] S. Carneiro and R. Tavakol, Gen. Rel. Grav. 41, 2287
(2009); L. P. Chimento and S. Carneiro, AIP Conf. Proc.
1647, 10 (2015).
[15] J. A. Frieman, C. T. Hill, A. Stebbins and I. Waga, Phys.
Rev. Lett. 75, 2077 (1995); V. Sahni and S. Habib, Phys.
Rev. Lett. 81, 1766 (1998).
[16] G. ’t Hooft, gr-qc/9310026; L. Susskind, J. Math. Phys.
36, 6377 (1995); G. Veneziano, Phys. Lett. B454, 22
(1999); R. Tavakol and G. Ellis, Phys. Lett. B469 (1999)
37; R. Easther and D. Lowe, Phys. Rev. Lett. 82, 4967
(1999); N. Kaloper and A. Linde, Phys. Rev. D60,
103509 (1999); A. G. Cohen, D. B. Kaplan, and A. E.
Nelson, Phys. Rev. Lett. 82, 4971 (1999); R. Bousso,
Class. Quantum Grav. 17, 997 (2000); JHEP 0011, 038
(2000); D. Bak and S. J. Rey, Class. Quantum Grav. 17,
L83 (2000).
[17] G. A. Mena Maruga´n and S. Carneiro, Phys. Rev. D65,
087303 (2002).
[18] G. W. Gibbons and S. W. Hawking, Phys. Rev. D15,
2738 (1977); M. Spradlin, A. Strominger and A. Volovich,
hep-th/0110007; T. Padmanabhan, Class. Quantum
Grav. 21, 4485 (2004).
[19] Technically, any space-time admiting plane waves as a
complete ortogonal basis, in particular the spatially flat
FLRW space-time and its first order perturbations.
[20] The cosmological role of a pseudo Nambu-Goldstone bo-
son with mass H0 was already considered before, in other
contexts [15].
